Abstract-Seismocardiography (SCG), a representation of mechanical heart motion, may more accurately determine periods of cardiac quiescence within a cardiac cycle than the electrically derived electrocardiogram (EKG) and, thus, may have implications for gating in cardiac computed tomography. We designed and implemented a system to synchronously acquire echocardiography, EKG, and SCG data. The device was used to study the variability between EKG and SCG and characterize the relationship between the mechanical and electrical activity of the heart. For each cardiac cycle, the feature of the SCG indicating Aortic Valve Closure was identified and its time position with respect to the EKG was observed. This position was found to vary for different heart rates and between two human subjects. A color map showing the magnitude of the SCG acceleration and computed velocity was derived, allowing for direct visualization of quiescent phases of the cardiac cycle with respect to heart rate.
cardiac cycle. This will provide a gating signal to obtain motionfree computed tomographic (CT) images of coronary arteries. We believe that the current electrocardiogram (EKG)-based gating methods are suboptimal and that cardiac imaging can be improved by using a gating signal more representative of cardiac motion.
According to the American Heart Association 2010 statistics [1] , one in every six deaths nationally can be attributed to coronary heart disease. The gold standard for evaluating coronary arteries, diagnostic catheter coronary angiography (CCA), is invasive and expensive [2] . More than 1.1 million CCAs are performed annually in America costing approximately $30 billion and resulting in more than 14000 major complications [1] . Nearly 40% of these tests reveal no coronary artery disease (as defined by less than 20% vessel stenosis) [3] . Thus, there is a critical need for an alternative test that is accurate, cost effective, and noninvasive for evaluating coronary arteries.
An alternative diagnostic tool, CT coronary angiography (CTCA) [4] , [5] , is at the cusp of revolutionizing cardiac diagnosis but is limited by a fundamental problem: the heart is a moving target and images need to be acquired when the heart is in a quiescent phase within a cardiac cycle. The problem is analogous to using a slow shutter speed camera where motion can cause blurring. For CT scanning, such blurring can limit diagnostic capabilities and often leads to expensive and invasive CCAs. This is particularly disconcerting in patients who are ultimately found to have no coronary artery disease.
Current attempts at determining cardiac quiescence using EKG are limited because EKG, although an excellent predictor of the heart's instantaneous electrical state and the average mechanical state, is an imperfect predictor of the instantaneous mechanical state. In one EKG-based CTCA approach, retrospective-gating [4] [5] [6] [7] , images are obtained throughout the cardiac cycle and only those images obtained at some fixed interval of the EKG R-R interval are used for reconstruction; this approach, while quite reliable, is radiation intensive. In another approach, prospective-gating [5] , [8] , [9] , CT images are obtained only when the heart is presumed to be in quiescence; while this approach minimizes radiation dose [4] , [5] , [8] , it currently depends on EKG for predicting cardiac quiescence and is thus less reliable than retrospective gating, particularly with irregular heart rates. An example of motion artifacts and blurring at various phases within the cardiac cycle is shown in Fig. 1 . Fig. 1 . Coronary CT Angiogram cropped view over the right coronary artery (RCA, indicated by arrow) obtained at various intervals in the cardiac cycle using retrospective gating. Images obtained during the 70% phase minimize motion in this example. However, a priori estimation of the period and duration of this quiescent phase can be inaccurate using EKG alone.
Optimal prospective gating is also critical for reliable atherosclerotic risk screening based on Agatston et al.'s [10] coronary artery calcium scoring. It was shown by Schlosser et al. [11] that both Agatston et al.'s and volumetric scores proved to be highly dependent on the reconstruction (or gating) interval used even with advanced CT scanners. It was also shown that the variable Agatston et al., scores of diastolic reconstructions from different phases of the cardiac cycle in the same patient can result in completely different estimations of coronary risk, ranging from low risk to increased risk. Even more surprisingly, nearly 63% of patients could be assigned to more than one risk group and 10% could be assigned to three risk groups [11] .
It was previously shown that another measure of mechanical state, ultrasound (US), may predict quiescent periods within the cardiac cycle more reliably than EKG [12] . While US can evaluate cardiac motion in real time, there are some challenges with integrating US within a CT scanner including 1) difficulties with processing large volumes of 2-D US data quickly and 2) image artifacts caused by the presence of bulky US transducer in the CT scan field. Additionally, US is an active device and requires that CT technologists undergo US training before it can be effectively deployed as a gating tool. A potentially simpler approach for evaluating cardiac mechanical motion in real time is seismocardiography (SCG), which is a passive measurement [13] , [14] . SCG data can be captured by placing one or more linear accelerometers on the chest wall and recording the cardiac motion transmitted to the chest wall. These data are collected as acceleration versus time and have been shown to be an accurate indication of cardiac mechanical state [15] [16] [17] .
B. Goal
The ultimate goal of our work is to develop SCG as alternative to EKG for gating cardiac CT scanners. As intermediate steps, in this study, we wish to:
1) Obtain a greater understanding of the relationship between the mechanical and electrical signals of the heart. To this end, a system was developed to acquire synchronous US, EKG, and SCG data. An earlier version of this hardware system, with only a single SCG input, was reported in [18] . The system includes a custom acquisition device designed and built to synchronously record both EKG and two SCG accelerometer channels at high rate and precision, allowing for a more detailed comparison between these modalities.
2) Conduct a preliminary comparison of EKG versus SCG in two human subjects and determine the beat-to-beat variability between the electrical state as defined by EKG and the mechanical state of the heart as defined by SCG. This analysis provides further evidence that the relative positions of cardiac events within a cycle may not be constant across all individuals and heart rates and supports the argument for using SCG as a gating device.
C. Paper Organization
The rest of this paper is organized as follows. In Section II, the methods used in designing the hardware system, acquiring human subject data, and signal processing are presented. In Section III, we present the results of a preliminary evaluation of two human subjects showing that SCG can determine quiescent phases within the cardiac cycle. Finally, a detailed discussion, conclusions, and avenues for future work are presented in Section IV.
II. METHODS
In this section, we begin with an overview of the trimodal acquisition system, where we provide a hardware description of our EKG-SCG acquisition device. The details of the human subject data acquisition are then given. Finally, the processing methods used to analyze SCG behavior are presented.
A. Design of the Hardware System
To acquire synchronous US, EKG, and SCG data, as well as compare EKG to SCG, a complete hardware system was developed (see Fig. 2 ). The US machine used was a SonixTOUCH Research scanner (Ultrasonix Medical Corp., Richmond, BC, Canada) capable of acquiring raw streams of US B-mode, US M-mode, and EKG data. The new hardware system enables synchronization of echocardiographic data with the EKG and SCG data using a custom sensor interface and data acquisition device, i.e., synchronization across all three modalities. The data rates of each data type are provided in Table I .
The new compact hardware device simultaneously acquires synchronous EKG and SCG data at high precision and rate (16-bit, 1.2 kHz). The device consists of three amplifier channels, a four-channel analog-to-digital converter (ADC), an output driver interface, and a power supply unit (see Fig. 3 ). The custom-built device serves to condition, amplify, and digitize signals from the EKG leads and accelerometers. The Fig. 3 . Schematic of the custom device to synchronously acquire an EKG and two SCG data streams. The total gain of each signal path is the product of G1 and G2 (G).
accelerometers (ADXL327, Analog Devices, Inc., Norwood, MA) each weigh approximately 5 g and have a dynamic range and sensitivity of ±2.5 g and 420 mV/g, respectively, where g is the earth's gravitational acceleration. The accelerometers have an RMS noise of 250 μg/ √ Hz and are tuned to have a passband of 50 Hz. Signals from the EKG and SCG channels are each fed through similar independent two-stage amplifier channels with adjustable gain to reach a peak-to-peak amplitude of approximately 1.0 V [19] . Each amplification signal path shown in Fig. 3 consists of a first-stage instrumentation amplifier with gain G1, followed by an inverting amplifier with gain G2. The instrumentation amplifier gain G1 is fixed at 5 for all channels, whereas the inverting amplifier gain G2 is tunable from 0 to 20 for the accelerometer channels and 0 to 200 for the EKG channel. To eliminate unpredictable offset voltages caused by static charge on the human body in the EKG channel or the gravitational force in the SCG channels, dc offset removal circuitry was incorporated into each amplification stage. This dc offset removal is critical for the SCG channels as the amplitude of the SCG acceleration is very small in comparison to the earth's gravitational acceleration. By removing the large constant offset due to gravity from the accelerometer channels, effectively centering the signal at zero magnitude, the gain can be greatly increased so that the SCG signal uses the full dynamic range of the ADC. Without the tunable gain and dc offset compensation, the accuracy of the SCG data would be decreased significantly due to ADC quantization error associated with digital signals that have small magnitude relative to the dynamic range of the system. DC offset compensation also has the added benefit of removing most of the respiratory motion from the SCG. Specific to the EKG channel, a common-mode feedback (CMFB) stage, which has a gain of 20, is essential because the unknown human body potential easily exceeds the input common-mode range. Additionally, the CMFB stage provides resistance against electrical noise from both the power supply and charge distribution of the hum A four-channel, 16-bit ADC (ADS7825, Texas Instruments, Dallas) digitizes the three analog data channels. The system clock, running at 1.8432 MHz, is divided to produce an ADC output baud rate of 115.2 kHz, resulting in an overall data rate of 1200 samples per ADC channel per second. Even though the accelerometer bandwidth of 50 Hz is much less than the sampling bandwidth of 600 Hz, the high sampling rate provides increased temporal resolution. Selected for its ease of implementation and compatibility with hardware and software design, the RS232 protocol was implemented for the interface with a personal computer. An RS232 code generator and driver encode the bit stream from the ADC into RS232 format.
The system is powered by a traditional linear power supply, consisting of a transformer, a rectifier, filtering capacitors, and linear regulator ICs. This design was chosen to avoid switching noise and most electromagnetic interference, both of which are problematic to the small signals associated with EKG and SCG. At the low current levels associated with the device, a commercial 5-V DC fixed output regulator (LM7805) is suitable to supply both the ADC and the CMOS digital circuit. The amplifiers require an unconventional ±1.65 V DC dual supply achieved using a tunable regulator (LM317) and its reciprocal part (LM337) to handle the positive and negative supplies, respectively.
B. Human Subject Data Acquisition
All human subjects evaluations reported in this paper were approved by Emory University's Institutional Review Board, and full, written, informed consent was obtained from the subjects. A 23-year-old female and 26-year-old male volunteer (referred to henceforth as Subject 1 and Subject 2, respectively) with no known cardiac conditions were examined. Echocardiography, EKG, and SCG data were simultaneously recorded using both the custom device and the US machine [18] . An overview of sensor placement is provided in Fig. 4 . The data were synchronized using the common EKG signal from both the custom device and the US machine with the primary intent of demonstrating the feasibility of acquiring synchronous echocardiography, EKG, and SCG data. By aligning the EKG signals, synchronized time indices for all data were generated.
The echocardiography data (B-mode and M-mode) were recorded using the parasternal short-axis view at the mitral valve level showing the left ventricle. EKG data were acquired using both the custom device and the US scanner. For SCG data acquisition, the accelerometer connected to the custom device was taped superficial to the subject's chest wall at the point of maximal impulse.
C. Signal Processing for Analyzing the SCG
Synchronous SCG and EKG data were acquired for Subject 1 and Subject 2 in order to observe the variability of the relationship between the two modalities as a function of heart rate for different individuals. For these experiments, the EKG and one accelerometer channel of the device were used.
1) Variation Between EKG and SCG Features: Subject 1 and Subject 2 were examined at low (mean ∼51 beats/min) and high (mean ∼79 beats/min) heart rates at different times, resulting in four datasets. Elevated heart rates were achieved using exercise. The accelerometer was taped to the chest wall over the point of maximal impulse, as this provided the strongest SCG signal.
For each cardiac cycle, the R-R interval length and the time delay from the leading R-peak of the EKG to a specific feature in the SCG waveform was calculated using a semiautomated routine (see Fig. 5 ). For this preliminary evaluation, we selected the SCG feature that can be attributed to the Aortic Valve Closing (ac peak) [15] [16] [17] because it can be consistently identified across all four datasets and is an indication of the end of systole.
The R-peaks of the EKG signal were found by first high-pass filtering the EKG signal with a cutoff frequency of approximately 50 Hz. This was done to ensure that the sharper R-peak was found rather than the sometimes higher peak of the broader T wave. The quasi-periodic peaks of the resulting signal were identified using a sliding window technique where each point was compared against the maximum value of a window centered at that point. If a point corresponded to the maximum value of the window, it was labeled as an R-peak. The sliding window length was chosen to be 1.33 times the estimated average cardiac cycle length to ensure that it covered at least one cardiac cycle accounting for heart rate variability (HRV).
The AC negative peaks of the SCG signal were identified by first high-pass filtering the SCG signal with a cutoff of approximately 50 Hz. Just as with the EKG R-peak detection, this was done because the AC negative peak has more high-frequency content than the surrounding SCG features. A range of the resulting signal was then specified relative to the preceding R-peak of the EKG signal. The index corresponding to the minimum of this range was used as the position of the AC feature for the corresponding SCG cycle.
The R-peak to AC time delay was calculated for each cardiac cycle where a pair of successive R-peaks and the AC feature of the SCG were identified. In addition to the time delay representation, the R-AC delay for each cycle was calculated as a percentage of the cardiac cycle. This was found by dividing each R-AC delay by its corresponding cardiac cycle length. Finally, the beat-to-beat variability of the R-AC delay was calculated as the difference of the R-AC delay (in ms) for pairs of consecutive cardiac cycles. This variability was recorded as a function of the instantaneous heart rate of the first cycle of each pair. This choice was made to simulate prediction error of the AC position using knowledge of the AC position and cardiac cycle length of the preceding cycle.
2) Variation of SCG Signal Relative to Cardiac Cycle:
In order to gain a better understanding of the overall nature of the SCG, composite SCG signals were measured across a range of heart rates. The SCG was segmented by the R-R intervals of the EKG signal. After segmentation, the instantaneous heart rate for each cycle was derived from the known cycle length in seconds. The SCG cycles were then sorted into groups by their instantaneous heart rates. After sorting, the SCG cycles were time-scaled to equal length, allowing the groups to be averaged and compared with respect to cycle percentage. This process is summarized by where x i is the average signal for heart rate range A i , e.g., 47.5-52.5 beats/min. Each of the SCG cycles is time-scaled to equal length. Here, x n is the nth time-scaled SCG cycle in heart rate range A i . All x n in the set A i are then averaged to obtain x i .
III. RESULTS
In this section, we begin with a demonstration of the trimodal acquisition system. The results of the SCG investigation are then provided. Variation of the position of a feature in the SCG with respect to the EKG R-peak is analyzed. In addition, the SCG signal behavior relative to the cardiac cycle is observed for a range of heart rates for Subject 1 and Subject 2.
A. Synchronized Data Output of the System
The subject data were synchronized using the EKG signal common to both the custom device and the US scanner (see Fig. 6 ). As expected, the QRS complex of the EKG signal [see Fig. 6(b) ], associated with peak electrical activity in the cardiac cycle, precedes the major mechanical activity of the SCG signal [see Fig. 6(c) ]. The trimodal representation of cardiac activity is crucial because US [see Fig. 6(a) ] will be used in future work to verify the phase and temporal position of the quasi-stationary periods of the cardiac cycle and confirm their relation to the SCG. This differs from the analysis presented in [15] in that cardiac quiescence with respect to the SCG will be studied. For our work, the majority of the respiratory motion in the SCG has been removed at acquisition by the dc offset compensation circuitry. If respiratory motion proves problematic in the future, it can be easily removed with a high-pass digital filter or the patient could be examined during breath-hold. 
B. SCG Signal Analysis 1) Analysis of SCG-EKG Variation:
The statistics of the delay from the R-peak to the AC-peak, referred to as R-AC delay, show variations between the two individuals at a specified heart rate and also within an individual at different heart rates. The subject statistics are summarized in Table II for high and low heart rates. The results shown in the table were obtained by grouping the R-AC delays corresponding to the n cycles with an instantaneous heart rate within ± 2.5 beats/min of the indicated rate. This range was chosen in order to form signal sets with a large number of cycles while retaining specificity with respect to the center heart rate. Table II shows that the characteristics of the R-AC delay for both subjects are very similar at lower heart rates, while varying at higher heart rates. In addition, the mean percent offset at which the AC-peak occurs within the R-R interval, referred to as R-AC percentage, is not constant between the two patients for a given heart rate, suggesting that a specific cardiac phase does not occur at a consistent percentage offset within the EKG R-R interval. This is depicted further in Fig. 7 , which shows a scatter plot of the heart rate against R-AC delay. Each data point corresponds to the difference in the R-AC delay for two consecutive cycles plotted against the heart rate defined by the first cycle.
In Fig. 8 , the R-AC offset percentage is plotted against heart rate for the elevated heart rate dataset. A linear relationship between the R-AC offset percentage and heart rate is observed. In addition, the R-AC offset percentage of the two subjects differs by approximately 4% throughout this heart rate range.
Finally, in Fig. 9 , the beat-to-beat variability of the R-AC delay for both subjects is shown. The standard deviation of this variability in ms, defined as σ p , is shown in Table II for each subject across multiple heart rates. The difference between the two subjects is a result of Subject 1 having higher HRV. When compared with Fig. 8 , the results indicate that predictive performance for Subject 2 with low HRV is better when the location of the AC-peak and cycle length is known for the previous cardiac cycle. For Subject 1 with higher HRV, predictive performance is comparable to predicting based solely on knowing the average R-AC delay for a given heart rate.
2) SCG Signal Morphology as a Function of Heart Rate:
In order to obtain a better understanding of how the SCG-derived quiescence varies with heart rate, average SCG signals, x i from (1), were generated for nonoverlapping heart rate range sets. All Fig. 10(a) . Each average signal represents all SCG signals with an instantaneous heart rate within ±1.25 beats/min of the rate indicated. Fig. 10(a) shows that the position of SCG features varies with heart rate. Fig. 10(b) depicts the relative velocity transmitted to the chest wall, calculated by integrating the acceleration signals from Fig. 10(a) . The velocity signals were normalized to ±1.0 and their dc component was removed, as the heart has zero average velocity over a cardiac cycle. The regions in Fig. 10(b) with near-zero velocity, corresponding to cardiac quiescence, vary in both duration and position relative to heart rate. Nonshaded regions are a result of the white background of the plot being visible due to low signal magnitude. The absolute value of the normalized SCG acceleration is plotted as a function of heart rate and cycle percentage for both subjects [see Fig. 11 (a) and (c)]. Each row in Fig. 11(a) and (c) corresponds to the absolute value of one average x i from (1). Analogously, the absolute value of the normalized velocity signals derived from the average SCG signals is depicted in Fig. 11(b) and (d) . The slight discontinuities present in the data for Subject 2 can be attributed to the fact that data were collected at different times and under different physical conditions in order to obtain data from all heart rates. The discontinuities demonstrate that the behavior of the SCG relative to the EKG can vary between acquisitions even if the subject and heart rate are constant. Points of large acceleration, which are shown in red, based on the color scale on the right, correspond to specific known SCG features, and consequently specific cardiac states [15] [16] [17] . The position of SCG features, and hence cardiac states, varies with heart rate suggesting that periods of cardiac quiescence would vary similarly. From Fig. 11(b) and (c), there are two phases of minimal velocity corresponding to cardiac quiescence occurring at endsystole and mid-diastole; the dark-blue-colored regions correspond to areas of low velocity. The duration of the period of minimal velocity during mid-diastole decreases as heart rate increases, whereas the duration of the period of minimal velocity during end-systole increases minimally as heart rate increases.
IV. DISCUSSION
Our goal in this study was to demonstrate whether SCG has the potential to serve as a gating signal within the context of cardiac CT imaging. To enable this investigation, a hardware system capable of obtaining synchronous echocardiography, EKG, and SCG data was designed and implemented. The system was used to acquire data to study the variation between cardiac states and the EKG signal.
The implication of the results from Table II is that EKG demonstrates variability with respect to the SCG, and since the latter has been shown to be an accurate indicator of cardiac state based on US [15] , EKG may be a less optimal trigger for gating CTCA. The result shown in Fig. 8 implies that if SCG analysis is performed prior to prospectively gated CTCA based on EKG gating, tighter padding intervals could be used, which would further decrease the amount CT tube current ON time, thus decreasing radiation dose. Of course, this will require that the gating period marked by these padding intervals is sufficiently large to include a complete CT slice acquisition duration; otherwise, segmented acquisition approaches must be followed (i.e., slice acquisition may have to be performed over several rotations). Finally, the results of Figs. 10 and 11 show that the average cycle percentage of SCG features and periods of minimal velocity, and hence periods of cardiac quiescence, varies predictably with heart rate for a given individual.
In summary, we have shown that the timing, both in terms of cardiac cycle position and time delay of SCG features, varies across heart rates, strongly suggesting that the timings of cardiac events also vary in a similar manner [15] [16] [17] . More importantly, even when the heart rate is similar for two individuals, the timing within the cardiac cycle when these events occur demonstrates slight variations. Such variations imply that using the same absolute percentage interval with respect to the EKG as a gating interval within a cardiac cycle for different patients may lead to suboptimal cardiac CT examinations even if these patients have similar heart rates.
A limitation of this study is that only two normal subjects were studied. We are currently acquiring data from more subjects to better understand the variation of cardiac mechanics between individuals. An additional limitation of this study is that only one linear accelerometer was placed on the chest wall, and thus, only cardiac motion in the antero-posterior direction was considered. Finally, for patients with pathological cardiac conditions resulting in decreased cardiac acceleration, such as cardiomyopathies or pericardial effusions, the SCG signal may be too weak for use as a gating signal.
Several important questions must be answered in the future before SCG can be used for improving cardiac CT gating. A complete understanding of the interactions between the accelerometer device and a CT machine is essential. Initial investigations show that acceleration from the table motion during a step-and-shoot cardiac sequence is much smaller than that of actual cardiac motion observed at the chest wall (SCG). We have performed preliminary work in this regard by placing one accelerometer over the patient's chest wall and a second accelerometer directly on the CT table and comparing the two signals. We found that the noise from the table motion and the gantry rotation is largely dampened out by the subject's body. Additionally, streaking in the CT image from the accelerometer did not lower the diagnostic quality of the images. If streak artifacts prove problematic, a number of existing streak-removal techniques may be adequate to combat these [20] [21] [22] [23] .
Further investigation is needed to identify the relation between SCG events and quasi-stationary phases of the cardiac cycle, and the ultimate effect on the diagnostic quality of CT images when SCG gating is employed. One issue to evaluate is whether the heart is in the same position for all low-velocity regions. Further study is also needed to determine if the use of SCG can reduce the gating period, i.e., padding interval, for prospectively gated coronary CT angiography, thus decreasing radiation dose, while maintaining diagnostic quality images of the coronary vessels. In addition, SCG gating methods must be explored. Predictive gating methods could be based on either a patient prescan with the SCG device or detecting SCG features of quiescence in real time during a cardiac CT exam. Furthermore, stand-alone SCG gating methods may be desirable, especially for those with heart rate irregularities, and should be investigated. Variability between an SCG feature that can trigger acquisition and quiescent phases should be studied as a function of heart rate and between individuals. If this variability is shown to be small, gating directly from the SCG could eliminate the need for predictive EKG gating. Finally, we are also implementing a multichannel SCG device with linear accelerometers to be placed at multiple points along the chest wall; akin to a 12-lead EKG device, this will permit evaluation of 3-D motion of the heart, essentially providing a vector-seismocardiogram. This representation may better capture cardiac mechanics and hence allow for improved gating. His current research is focused on digital signal processing of cardiac signals, with applications for motion analysis and tracking. He currently balances
